When glucose was present in high concentrations, Candida albicans formed filaments in a phosphate-buffered medium, regardless of the nitrogen source. In lower concentrations of glucose, filamentation occurred only when various members of the glutamate, succinyl, or acetoacetyl-coenzyme A families of amino acids were used as sole nitrogen sources. Yeast morphology could be maintained either by replacing the amino acids in the medium with ammonium chloride or by making the medium high in phosphate or biotin. Studies using [U-4C]proline indicated that proline was catabolized in a manner consistent with the generation of increased cellular reducing potential and that the proline label entered into the Kreb's cycle. A reduction in Kreb's cycle activity was evidenced by an initial increase and then a rapid drop of the total organic acid content of the cells as well as in specific Kreb's cycle intermediates. Filamentation under conditions of low phosphate, high glucose, and increased cellular reduction potential, accompanied by a decrease in Kreb's cycle activity, suggests that morphogenesis in C. albicans is correlated with a Crabtree-like effect, i.e., repression of mitochondrial activity.
In the presence of certain body fluids in vitro, or in tissue in vivo, the yeast form of Candida albicans will convert to a filamentous form. This was first demonstrated in blood and serum acquired from debilitated individuals (26) . Filamentation in combination with certain host factors may be an important factor in pathogenesis (2, 14, 32) , consequently a better understanding of the mechanism controlling the yeast-mycelial (Y-M) balance might lead to a means of controlling systematic disease.
Wickerham and Rettger, in 1939, published a monograph on filamentation in Candida (34) , and since then there have been many attempts to determine what controls the Y-M balance in Candida. In the majority of in vitro experiments, summarized in recent reviews (3) (4) (5) 23) , either serum or various complex artificial media were used to induce filamentation.
Nickerson was one of the first to successfully provide a chemically defined environment conducive to filamentation (22) . He postulated that the enzymatic transfer of reducing power gener- ' ated within the mitochondria to the yeast cell wall via a disulfhydryl reductase controlled morphogenesis. He suggested a medium high in cysteine (and thus reduced) for the maintenance of yeast morphology, thereby providing control of the amount of reduced sulfhydryl groups within the cell wall.
Widra (35) expanded Nickerson' s work and proposed that phosphate and magnesium played a role in determining yeast morphology of Candida in culture, presumably by fulfilling requirements of the reductase enzyme for activity. Mardon et al. (20) found that the Y-M balance in their Candida strains was governed by the relationship of the external CO2-O2 ratio to internal pools of S-adenosylmethionine of yeasts when grown in a minimal salts-glucose medium. In 1971, Dabrowa (Proc. Int. Soc. Human and Animal Mycol., p. 51-52) reported the induction of filaments in a simple phosphate-buffered medium containing proline and an unspecified amount of glucose and biotin.
The results of the preceding investigators suggest that it should be possible to define the cultural conditions necessary to maintain each form of C. albicans in a pure state. 
MATERIALS AND METHODS
Cultural conditions. Twenty-eight' isolates of C. albicans, all of which conformed to all biochemical and morphological criteria for this species, were screened for their ability to form filaments from blastospores (yeasts) in a proline basal medium described below. All isolates formed filaments to some extent, but isolate 5865, from a patient with systemic candidiasis, was selected for this study from among those which profusely formed filaments. Transition from yeast to filamentous growth was apparent in the first generation (2 h) and was maximal by 6 h, whereupon a return to yeast-like growth began. We felt, however, that the stimulus for filamentation occurred upon placing the yeasts into the proline medium. Thus, metabolic events which control the onset of filamentation would occur within the first hour of growth, but the morphological expression of those events would not appear until after the cells attempted to divide, namely, after the 2-h incubation of the proline medium. Accordingly, intervals of incubation varied with experimental design.
The basic medium in which various nitrogen and carbon sources were tested consisted of 0.008 M phosphate-buffered saline (PBS) (12) and 250 ug of biotin per liter. The latter has been shown to be a growth requirement for C. albicans (15) . On the basis of these experiments, summarized in Table 1 and Fig.  2 , the following basal media, prepared in PBS, were employed for most of the studies, unless otherwise specified: a proline medium containing 250 Ag of biotin per liter, 10-2 M glucose, and 10-2 M proline (for filamentous growth); or an NH4Cl medium (for yeast growth) prepared in the same manner but with 10-2 M NH4Cl instead of proline. These concentrations of glucose and biotin were not limiting inasmuch as increasing the concentration of either nutrient did not result in increased growth. Synchronized inocula for incubation in the experimental media were prepared in the following manner. Cells were first starved for 6 h at 37 C in PBS while being shaken at 120 gyrations per min (New Brunswick Scientific Co.). Synchrony was then attained by a modification of the method of Dabrowa (9) . This involved allowing the suspension to settle for 30 min, followed by centrifugation of the supernatant through 15% mannitol for 5 min at 100 x g. The synchronized inoculum ( Fig. 1 ) was washed three times in warm (37 C) PBS and placed, at appropriate cell densities (see below), into the experimental media.
Cell density and percentage of filamentation were determined by triplicate counting of each culture in a hemacytometer; for each experiment there were three cultures, and each experiment was repeated three times. For example, one curve in Fig. 2 (17) . The modification was that of using preweighed, siliconized, soft plastic-topped scintillation vials (New England Nuclear, Boston, Mass.) rather than 4-oz (0.12-liter) prescription bottles. Cultures from several experiments were accumulated and stored (at 4 C to stop growth). The containers were coded and randomized so that the individual assaying the growth was not prejudiced by a knowledge of the batch number or cultural conditions at the time of assay.
Uptake and distribution of proline. L-[U-14C Jproline (specific activity, 198 uCi/mmol), was placed into siliconized scintillation vials containing 10 ml of nitrogen-free PBS-biotin-glucose medium, with a final concentration of 10-4 M proline (3.0 uCi/ml). Starved yeasts were then suspended in the labeled proline medium at a density of 106 cells/ml and incubated at 37 C and 120 gyrations per min for 5 min. Although the concentration of proline in the labeled medium was less than that usually used, the amount was still adequate to stimulate significant filamentation (Fig. 2) . Furthermore, as the cells were in the low concentration of proline for 5 min only and then immediately suspended in medium containing 10-2 M proline, the labeled cells formed filaments at a maximal rate. After 5 min, the labeled cells were washed three times in warm PBS containing 1,000 U of Pen-Strep (Grand Island Biological Co., Grand Island, N.Y.) per ml and resuspended in unlabeled proline medium. At 0, 15, 30, 45, and 60 min of incubation at 37 C, cells were harvested by centrifugation at 11,000 x g for 5 min at 4 C (8). The pH of the supernatant was determined, and the supernatant was then discarded. Each lot of pelleted cells was washed three times in cold (4 C) distilled water and resuspended in 10 ml of PBS; 5 ml of each suspension was filtered onto a preweighed 0.45-Mm membrane filter (Millipore Corp.). The filters were dried in vacuo at 80 C ovemight, weighed, placed in 15 ml of Aquasol (New England Nuclear), and counted in a Beckman LS230 liquid scintillation system.
The remaining 5 ml of each of the above suspensions was disrupted in a French pressure cell at 26,000 lb/in2 (Aminco, Silver Spring, Md.), and the lysates were centrifuged at 18,000 x g for 60 min. Disruption of both yeasts and filaments was 99.1% i 0.3, as determined by direct counts of intact cells in a hemacytometer. The supernatants were decanted and each was adjusted to 25 ml before placement on a Dowex 50 (Sigma Chemical Co., St. Louis, Mo.; 100 to 200 mesh) column (1 by 20 cm). Each time, the column was charged previously with 2 N HCl and brought to neutrality by repeated washings with distilled water. The organic acids contained in the supernatants were eluted from the column by five 10-ml amounts of distilled water and pooled. After removal of the organic acids, the amino acids were collected by eluting with five 10-ml volumes of 3 N NH4OH. Both pools (organic acids and amino acids) were evaporated in vacuo at 80 C, weighed in plastic petri dishes (60 by 15 mm), and counted as above. The pellets remaining after the centrifugation at 18,000 x g were extracted for total ribonucleic acid (RNA), deoxyribonucleic acid (DNA), and protein by the method of Dabrowa (8) . RNA was determined by the orcinol method using torula yeast RNA (Sigma Chemical Co., grade IV) as a standard, total DNA was determined by the diphenylamine method with salmon sperm DNA (Calbiochem, La Jolla, Calif.) as a standard, and total protein was determined by the method of Lowry et al. against a bovine serum albumin standard (29) . Recovery of the 14C label by these extraction procedures varied between 80 to 86% throughout the repetitions of these experiments.
Isolation of mitochondria. Mitochondria were isolated as described by Yamaguchi et al. (36) from several replicate cultures of C. albicans grown under the proline pulse-chase conditions previously mentioned. Fifteen to 30 mg of protein from sand-ground cells was layered onto a discontinuous sucrose gradient (27) . The gradients were centrifuged in a Spinco SW26.1 rotor at 25,000 rpm for 20 h, and 0.5-ml fractions were collected. Parallel fractions from several gradients were pooled and assayed for RNA, DNA, and protein content, as well as for respiratory activity. Succinoxidase and nicotinamide adenine dinucleotide, reduced form (NADH) oxidase served as respiratory markers and were measured polarigraphically by a Clark oxygen electrode on 2 mg of protein from each fraction pool (36) .
Identification of pool components. After the amino and organic acid pools were separated by column chromatography, dried, and weighed, they were rehydrated to a known concentration in distilled water. One-hundred micrograms of either pool was spotted onto thin-layer chromatography sheets (6064 cellulose; Eastman Chromagram), and the sheets were developed in a butanol-acetate-water solvent (120:30:50). The amino acids were detected by the chromagen method of Moffat and Lytle (21) . The organic acids, being nonreactive with ninhydrin, were detected with 0.4% ethanolic bromocresol purple at pH 5 (25) . Additionally, amino acids and organic acids were chromatographed side by side with labeled standards (U-14C) and followed by 14C scanning (Packard radiochromatogram scanner). Spots of radioactivity located by the radioscan were cut out, placed in 15 ml of Aquasol, and counted.
Carbohydrates were separated by a modification of the thin-layer method of Kraeger and Hamilton (19) , employing 0.1% KH2PO4-saturated silica gel sheets (Eastman Chromagram, 6061 cellulose) and were detected by their reaction with 1% aniline-1% diphenylamine in acetone and phosphoric acid (30) (International Chemical and Nuclear Corp., Cleveland, Ohio). Individual compounds were located by radio-scanning, and the spots were cut out and counted as described above. Additionally, carbohydrate pools were chromatographed side by side with carbohydrate U-4C standards.
RESULTS
Relationship of nitrogen source to filamentation. The influence of the nitrogen source in the glucose-biotin-PBS medium on Candida morphology was examined by substituting each of the 23 amino acids described as sole nitrogen sources by Dabrowa (Table 1) . With few exceptions, the results may be summarized as follows. (i) Amino acids entering metabolism by conversion to glutamate promoted more filamentation, on the average, than the other groups of amino acids tested; (ii) amino acids entering the Kreb's cycle via succinate, succinyl-coenzyme A, or oxaloacetate supported filamentation to a lesser, but significant, extent; (iii) amino acids catabolized to fumarate, acetate, or pyruvate did not significantly influence the formation of filaments; (iv) ammonium chloride in the glucose-biotin buffer supported only yeast growth; and (v) blocking of the active groups on proline (the ring-bound nitrogen or the free carboxyl group) by either ring substitution, N-acyl derivatives, or carboxy ethers did not promote filament production. Even though a number of amino acids stimulated filament production equally as well as the glutamate family at 6 h, the above generalizations between amino acid groups were more evident at 24 h, when the glutamate family of amino acids sustained more filamentation than the other groups of amino acids.
The pH of the cultures grown in various amino acids did not differ significantly during the 6 h of incubation, by which time the yeasts should have been committed to filament production if such were going to occur. In fact, it was our experience that filamentation was always easily detectable within 2 h. The ratio of dry weight of culture to dry weight of inoculum suggested that at least two generations of cells occurred during that 6 h of incubation and that the cultures were synchronous through two generations of cells (Fig. 1) .
High concentrations of phosphate in the proline medium depressed filamentation (Fig. 2) , whereas low concentrations (<10-4 M) supported modest filamentation in the NH4C1 medium. In addition, high concentrations (> 10-1 M) of glucose supported filamentation in the NH4C1 medium.
Uptake and distribution of [U-14C]proline. The distribution of label in the various classes of compounds varied with time (Fig. 3) . Immediately after the pulse, the bulk of the radioactivity was incorporated into free amino acids. A peak of radioactivity in organic acids was reached at 15 min and then declined to a low level. As the level of radioactivity declined in the amino acid pools, a steady increase was noted in the KOH-precipitable fraction (RNA) and the NaOH-precipitable fraction (protein). After 60 min of incubation, the RNA fraction of the pellet of lysed cells contained twice as much label as the protein. The trichloroacetic acidprecipitable fraction (DNA) did not contain significant radioactivity until 60 min, approximately one-half the first generation time of Candida in this medium.
Only seven labeled amino acids were separated by thin-layer chromatography from the extract of lysed filaments, four of which are presented in Fig. 4 . Proline decreased in activity after the first 15 min of incubation. Glutamate, histidine, and aspartate showed the greatest incorporation of the seven amino acids isolated, all reaching a peak within 30 min. Glutamate and histidine were depressed at 45 min to approximately one-sixth of their peak activity. Aspartate, on the other hand, declined less rapidly and one-third of the "4C activity still remained after 60 min. Significant amounts of 14C were also found in the amino acids leucine, isoleucine, and lysine. Lysates from unlabeled yeast controls, grown in the NH4Cl medium, produced only four chromogenically separable amino acids: cysteine, methionine, leucine, and alanine.
Several organic acids separated by thin-layer chromatography from lysates obtained from filaments also had acquired the 14C label (Fig. 5) Cellular location of proline uptake and distribution. Separation of disrupted 60-min cells by centrifuging them through a discontinuous sucrose gradient demonstrated that the bulk of 14C radioactivity corresponded with a fraction high in respiratory activity, presumably mitochondria (Fig. 6) . Analysis of the macromolecular components within pooled fractions of protein peaks developed on the gradient showed, as in extracted cells, a preferential labeling of RNA over protein and DNA ( Table 2 ). The peak containing high respiratory activity (Fig. 6, peak 2 ) also contained significantly more "4C label than peaks 1 and 3. Glucosamine, indicative of cell wall material, was present in significant amounts in peak 1, with a trace in peak 3 1971 ). The precise cultural conditions of her experiments and the physiological state of the fungus were not described. This necessitated development of our own culture system, using her ideas as a guideline. Since large precursor pools have been reported to occur in other yeasts (13), we decided to starve the yeasts prior to metabolic studies to avoid the influence of such pools on our results. It was also our experience that filamentation was depressed when amino acids capable of stimulating filamentation were used in conjunction with ammonium chloride. The depressing effect of the ammonium ion on amino acid transport has been reported to occur in other fungi (1, 11, 28) . Derepression of this effect occurs by either starving the fungus for 3 h or by replacing the ammonium ions in the medium with proline. We have found, in addition to proline, that several other amino acids, chiefly of the glutamate family, were capable of stimulating filamentation. Those amino acids, catabolized through succinyl-coenzyme A or acetoacetyl-coenzyme A, also supported significant filamentation, although to a lesser degree than that seen after stimulation by the glutamate family of amino acids ( Table 1 ).
The only common feature of the amino acids supporting the best filamentation was that all ultimately caused generation of an increased amount of reducing potential within the cell, as a result of their entry into the Kreb's cycle. For example, perhaps the increased reducing power generated by the catabolism of proline through the Kreb's cycle (as evidenced by the incorporation of "C into the Kreb's cycle intermediates) was related to the initiation of filamentation. Normal proline catabolism seems to be a requirement for filamentation, since chemical alteration of the active groups of proline, which presumably alters the manner in which the molecule is catabolized, prevented filament formation. Synder et al. have also suggested that substrate-generated NADH may be related to filament formation in Candida (J. W. Snyder, L. J. Bir, and R. C. LaChapelle, Abstr. Annu. Meet. Am. Soc. Microbiol. 1973, Mm 36, p. 136).
Our results are also seemingly in contrast with other investigators employing a glucosesalts-biotin medium for growth (20, 24) . We feel, however, that it would be inaccurate to compare our data with these groups, for the following reasons. (i) Nickerson and Chung (24) used a filamentous variant, whereas Mardon et al. (20) used a biochemical variant which ferments sucrose and is unable to form either chlamydospores on corn meal agar or germ tubes in serum. The strain used in this study, as stated above, is a systemic isolate which con- albicans. Data was obtained from the average of three thin-layer plates from each of three experiments. The increase in label between 0 and 30 min for all amino acids was highly significant, P < 0.01. Symbols:
(X----X), glutamic acid; *3-m 4), aspartic acid;
(ilAA), histidine; tD=m, proline. : / \would also provide carbon and nitrogen, making the total carbon or energy source at least five times that used in our study. IUsed as a marker to denote the cell wall rich fractions. Glucosamine was determined by the thinlayer procedure described in Materials and Methods.
Candida during proline catabolism (germination) also suggests that a block in electron flow affects cell morphology. Since lowered Kreb's cycle activity is concomitant with a reduction in electron transfer, there would be fewer electrons available for maintaining the NADPH-disulfhydryl reductase system.
Nickerson's data suggests that the disulfhydryl reductase enzyme is mitochondrial in nature and has high activity during yeast-phase growth and "repressed" activity during filamentous growth. Our experiments with unifoimly labeled proline suggest that the mitochondria indeed are involved in Candida morphogenesis, for even after 1 h of growth 55% of the label remains in a cell fraction containing high respiratory activity (Fig. 6) . The fact that the label appeared in the RNA fraction to a greater extent than other fractions after 15 min in these experiments suggested that proline has entered the Kreb's cycle and has been catabolized to one or more of the intermediates of purine or pyrimidine biosynthesis by that time.
In studies by Dabrowa et al. (8) on Y-M conversion of synchronized Candida yeasts, RNA was synthesized at a rate twice that of protein and thrice that of DNA. In our results, after 1 h the high respiratory fraction also contained a greater amount of labeled RNA than DNA or protein. Increased rates of RNA and protein synthesis would be expected if there was major changes in carbohydrate metabolism. Changes in carbohydrate metabolism would be expected during mitochondrial repression and have been reported to occur during Y-M conversion in C. albicans (7) .
The fact that growth in NH,Cl favors yeast morphology may also be related to glycolysis, generation of NADPH, and changes in mitochondrial activity. The ammonium ion has been found to be a potent activator of phosphofructokinase, an enzyme important in control of glycolysis (31). Chattaway et al. (6) reported that the activity of phosphofructokinase and the hexose monophosphate shunt (HMP) was consistently higher in yeast cells when compared to filaments. Since the HMP pathway would generate NADPH for cellular division, the maintenance of yeast morphology by disulfhydryl reductase (22) would be possible. The ammonium ion also has been reported to affect activities of one of the two glutamic dehydrogenases present in fungi (1, 11, 28, 33) . Under conditions of NH4+ assimilation, an NADP+-dependent glutamic dehydrogenase is activated which is also correlated with an increased HMP activity (5, 33 We believe, however, that control of Y-M conversion does not lie solely in the amount of NADPH generated by the fungus, but rather in a complex system of controls effected by NADH, NADPH, and internal glucose-to-phosphate ratios. In the present study, morphology of Candida was influenced by high and extremely low concentrations of glucose, as well as by proline catabolism. When glucose was limiting (i.e., the glucose-to-phosphate ratio was low), NADH oxidase activity would be favored over NADPH production to meet the immediate energy requirements of the starved cells (5) . This would require further depletion of the already low glucose, perhaps at the expense of glucose available for HMP activity. Cellular division, under the above conditions, could not be maintained until the HMP was active enough to provide the critical levels of NADPH; thus filaments would form. If the glucose-tophosphate ratio was high, filamentation might be brought about by the "Crabtree effect" in the starved cells. Energy requirements for the starved cells would again be immediate, favoring the NADH-oxidase system, and at the same time there would be an immediate requirement of the cell to phosphorylate glucose for glycolysis (18). Both energy (i.e., adeosine 5'-triphosphate) production and phosphorylation of glycolytic intermediates would require phosphate or phosphorylated adenylate moieties (adenosine 3'-monophosphate, adenosine 5'-diphosphate, and!adenosine 5'-triphosphate), thereby,.according to one current theory, forcing mitochondrial repression (18) . As a result of the cell maintaining a balance between oxidative phosphorylation and glycolysis, the NADPH levels might be depleted. Filaments (18) when the glucose-to-phosphate ratio is high; thus repression of mitochondria would occur. The fact that the total organic acids and various Kreb cycle intermediates of Candida showed an increase (favoring energy production) and then abrupt decrease (indicative of mitochondrial repression) during proline metabolism supports that hypothesis.
In summary, C. albicans became filamentous in a minimal medium containing proline or certain other amino acids as a sole nitrogen source. The proline appeared to be catabolized in a manner which would be consistent with the generation of increased reducing potential with the Candida mitochondria, namely, by entry into the Kreb cycle via a-ketoglutarate. A decrease in Kreb's cycle activity within filaments was indicated by a marked increase and then an abrupt decrease in the concentrations of organic acids and specific Kreb cycle intermediates. High glucose has been reported to inhibit respiration and Kreb's cycle activity in Ehrlich ascites tumor cells (18) . and in Saccharomyces (10) , by the Crabtree effect. The Crabtree effect is postulated by Koobs (18) to occur by depletion of phosphate reserves during mobilization of excess glucose at the expense of oxidative phosphorylation. It is also interesting to note that Candida converts to filaments under similar conditions of high glucose-to-phosphate ratios. As energy production competes with glycolysis for phosphorylated adenylates, a Crabtree-like inhibition of respiration would eventually occur. The suppression of mitochondrial function in turn would cause changes in carbohydrate biosynthesis and metabolism. Changes in the types of carbohydrates available for cell wall synthesis would influence cell wall composition (7) and, ultimately, morphology. Thus, as Nickerson's model dictates, the interaction of cellular division with energy and carbohydrate metabolism would control morphogenesis in C. albicans.
